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INTRODUCTION
Inferred reserves are expected additions to proved reserves in fields already discovered. These additions are commonly called "reserves appreciation" or "field growth". This category of potential additions to reserves accounted for 65 percent of the total oil and 34 percent of the total gas assessed in the U.S. Geological Survey's (USGS) 1995 National Assessment of oil and gas in onshore and State offshore areas others, 1996, Root and others, 1997) . Specifically, the Assessment predicted that the known recovery of pre-1992 conventional oil and gas discoveries in the United States would increase from the 1991 estimates by 60 billion barrels of oil (BBO) and 322 trillion cubic feet (TCF) of (dry) gas from 1992 through 2071.
Since the 1995 USGS Assessment, the Energy Information Administration (EIA) has updated and re-issued (EIA, 1998) the basic field database used in the calculations. EIA revised field definitions and added estimates of production and reserves for five additional years, that is, from 1992 through 1996. This report summarizes the inferred reserve estimates obtained when the statistical procedures used in the 1995 study are applied to these recent data. Overall, the estimates obtained are consistent with the 1995 Assessment estimates after adjustments that account for reserve appreciation that occurred from 1991 through 1996. The estimates presented in this report are provided at this time for the purpose of comparison with the 1995 estimates. Estimates of inferred reserves for the current and on-going National assessment have not been made.
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DEFINITIONS AND DATA
For this discussion, known field recovery, or field size, at a given date (time) is defined as the sum of the field's cumulative production and the field's proved reserves. Proved reserves are estimated quantities of hydrocarbons which geologic and engineering data demonstrate with reasonable certainty to be recoverable from known fields under existing economic and operating conditions (Society of Petroleum Engineers, 1987; Security and Exchange Commission, 1981) . Estimates of proved reserves are reported in financial statements, commercial transactions, legal contracts, and in response to regulatory mandates by government. Its technical definition reflects a high degree of certainty about the economically recoverable volumes of hydrocarbons in identified fields.
Proved reserve estimates (and estimates of known recovery) calculated with this definition are conservative. This is true, because they increase with normal field development as boundaries of proved areas are extended by drilling, as new pay zones, pools, or reservoirs are found and confirmed by drilling, as new infill wells (vertical and horizontal) or well stimulation procedures contact previously inaccessible hydrocarbons, and with the introduction of a water-flood or other fluid injection programs.
There are very few case histories for which field size estimates from the year of discovery to the year of abandonment are available. Available data consist of short series of estimates of known recovery of fields grouped by year of discovery. EIA developed the Oil and Gas Integrated Field File (OGIFF) from required proprietary responses to Form EIA -23 ("Annual Survey of Domestic Oil and Gas Reserves") to provide a basis for tracking field growth. This file consists of field records that include estimates of known recovery of crude oil and wet gas1 made annually since 1977.
Records in the OGIFF can represent fields or segments of fields depending on whether the field extends into more than one state. Although EIA used a universal field code on each record/segment that identifies the parent field, the segment discovery dates do not always agree. So, the discovery table will depend on the criterion used for aggregating field segments to a single field. The procedure use in the1995 U.S. Geological Survey National Oil and Gas Assessment assigned a field the discovery date of the segment with the largest volume of known recovery. Similarly, fields that straddled the state/Federal offshore boundary were also classified as either state or Federal based on the location of the segment with the largest volume of hydrocarbon resources.
Fields are classified as non-associated gas if the ratio of the estimates of gas recovery to oil recovery is at least 20,000 cubic feet of wet gas to 1 barrel of oil. Otherwise a field was considered an oil field. This ratio assured that fields classified as non-associated gas fields were developed as gas fields. The OGIFF data that were used for calculation of field growth were the estimates of known recovery of oil and wet gas. Adjustments were later made to convert the wet gas into dry gas and natural gas liquids.
The OGIFF file issued in the fall of 1998 includes data through 1996, so there are 20 estimates of known recovery for each of the fields discovered prior to 1978. While most of the fields have retained their unique identification codes, there are 178 fewer entries of fields (discovered prior to 1992) in the 1998 version than in the 1993 version of OGIFF. Field consolidations can affect field growth analysis if hydrocarbons in the eliminated fields re-appear as field growth in the retained fields. The magnitude of these effects is uncertain at this time.
OGIFF data does not have geologic information. Fields producing principally from unconventional continuous-type accumulations (that is, oil and gas accumulations where a well-defined hydrocarbon-water contact is absent) were identified by geologists and excluded from the conventional field growth analysis for the 1995 Assessment. Continuous-type hydrocarbon accumulations of unconventional oil and gas were assessed in the 1995 Assessment with another methodology (see Schmoker, 1996, Rice, Young and Paul, 1996) . In addition to the previously identified records, additional records, representing new discoveries in continuous-type accumulations or fields only recently recognized as producing principally from continuous-type accumulations were' also removed from the file. The inferred reserve estimates reported here are restricted to oil and gas resources in conventional fields in onshore and State offshore areas that were discovered before 1997. Fields discovered before 1901 and those without discovery dates were not used to calibrate the cumulative growth functions or to estimate inferred reserves.
MODELING FIELD GROWTH
If fields are grouped by their year of discovery, the sum of the estimates of known recovery for each group often increases more or less systematically over time; suggesting a statistical approach to modeling this change. Suppose the annual growth factor for year (i+1) after discovery is defined as the ratio of the estimate of field size at (i+1) years after discovery to the estimate of the field size (i) years after discovery. A cumulative growth factor is the ratio of the size of the field n years after discovery to the initial estimate of field size.
At year j, the cumulative growth function (represented by a set of yearly cumulative growth factors) can be used to project field size estimates for year j+k with the following relation
where }= current year k = the time elapsed between an early year estimate at year j, and the later estimate, at year j+k; c(d, j) = volume of oil or gas discovered in year d and estimated in year j; c(dj+k ) = projected estimate of volume in year j+k; discovered in year d.
G( ) = is the cumulative growth function Individual growth factor calibration approach Arrington (1960) published the first study that developed and applied growth factors to adjust recent discovery sizes. Arrington was interested in tracking the results of recent company exploration results. The. annual growth factor for a group of fields in the j+1 year after discovery (that is, age j+1) is calculated as the sum of estimates of known recovery of fields at age j+1 divided by the sum of the estimates of known recovery of the same fields at age j. In' particular,
Cumulative growtyn factors were computed by multiplying annual growth factors for successive years. Because of a short data series Arrington actually grouped data and calibrated the first year's annual growth coefficient by extrapolating the trend in coefficients from later years to year 1 . Root (1981 ) provides an analytical explanation for this approach and applied it to derive estimates of inferred reserves for the US Geological Survey's 1 981 National Oil and Gas Assessment.
Joint growth factor calibration approach
Coefficients of the cumulative growth function can be estimated simultaneously by choosing a set of coefficients that minimizes the sum of square errors (residuals), sse,
where e(d, j, k) is the square of the residual for a single within sample forecast and sse is the sum of squared residuals. The cumulative growth function that results from minimizing the sum of squared deviations for the entire set of coefficients is called the least squares growth function. The properties of the growth functions were further restricted or required to satisfy the following inequality conditions:
The left inequality imposes the condition that fields cannot shrink in size and the right inequality imposes the condition that older fields cannot grow by a larger factor than younger fields. Because the graph of the resulting cumulative growth function is continuous and non-decreasing, it is called a monotone function here The factors of the monotone cumulative growth function are computed by minimizing the error function (equation 3a) subject to the graph of the function having a continuous non-decreasing shape, that is, equation 4 (Attanasi and Root, 1994) .
GROWTH FUNCTIONS AND INFERRED RESERVE ESTIMATES Cumulative growth functions
Cumulative growth functions were calibrated using annual field size estimates (from 1977 through 1996) for conventional fields grouped and summed by discovery year from 1901 through 1996. Figures 1 and 2 show cumulative growth functions for oil in oil fields and gas in gas fields, respectively. Each figure presents the cumulative growth function calculated with the Arrington-type annual factor approach, the least squares algorithm, and the least squares with a monotone restriction. Visual inspection shows great similarity among functions. Following the 1995 USGS Assessment procedure the monotone cumulative growth functions were used to project future field growth. The coefficients of the cumulative growth function are presented in appendix Table A-1.
Inferred Reserve Estimation Procedure
Inferred reserve estimates were based on field growth projected for 30 and 80 years beyond 1996. Cumulative monotone growth functions (Figures 1  and 2 ) for the primary commodities were used to project both the primary and byproduct additions to reserves (inferred reserves) from pre-1997 fields for the lower-48 onshore and state offshore areas. In particular, the function used to project oil in oil fields was also used to project gas in oil fields and the function used to project gas in gas fields projected oil and condensate in gas fields. Wet gas was used in all the computations but was later converted to dry gas and natural gas liquids (NGLs).
Alaska was analyzed separately from the lower 48 states. Special operating conditions influence the development of Alaskan fields and inferred reserve estimates implicitly assume future operation of the Trans-Alaska Pipeline during the projection period. Statistically estimated cumulative growth functions were not calculated for Alaska because of the very small number of fields. The growth functions calibrated for the Lower 48 States were applied to the 1996 estimates of discovered fields in Alaska to compute crude oil inferred reserves. Except for associated gas on the North Slope, by-product commodities were assumed to grow proportionately to the primary commodities.
Gas resources (mostly associated gas) in identified North Slope fields amount to about 30.9 TCFG (Alaska Department of Natural Resources, 2000). However, because there is no ready market for this gas, the industry carries only about 20 percent of this volume as a commercial asset. Some of the gas is used as lease fuel and for the maintenance of reservoir pressure in operating oil fields. Following the 1995 Assessment procedure, it was assumed that these resources would become fully valued reserves some time during the next 80 years and the realization of reserve additions would be the same as the profile for oil.
Inferred Reserve Estimates
Inferred reserves estimates for fields discovered prior to 1997 for the 30 and 80-year periods starting in 1997 are shown in Table 1 . For the Lower 48 onshore and state offshore areas, 39.7 billion barrels of oil (BBO) and 293.1 trillion cubic feet of wet gas (TCFG) were estimated. The wet gas breaks down into 278 TCFG of dry gas and 13.1 BBL of gas liquids2.
For Alaska growth in known recovery of oil through 2076 was calculated to be 12.1 BBO. The estimated inferred, reserves that result from application of the growth function, calibrated from the lower 48 data, to the North Slope are quite uncertain but this uncertainty could not be quantified at this time. No additional inferred oil reserves were added to account for the known heavy oil resources of the West Sak and Ugnu accumulations in Northern Alaska. The estimated oil in-place of West Sak and Ugnu are 20 BBO and 15 BBO, respectively (Bird, 1991) . Although applying the Lower 48 growth function to Alaska is not entirely satisfactory, there is little question about the existence of large volumes of oil in identified accumulations that could be added to reserves in the future.
Inferred gas reserves (for the 80 year period starting in1997) from' Southern Alaska's non-associated gas fields and oil fields were estimated at 4.4 TCFG with 0.2 BBL in natural gas liquids (NGL). The remaining additional gas in resources of discovered fields in Northern Alaska could add an additional 25 TCFG to the reserves in the OGIFF file to total 29.4 TCFG for the entire state. Table 2 shows 1995 Assessment estimates for inferred reserves from fields discovered prior to 1992. Data from the OGIFF field file indicated that during the period from 1991 through 1996, additions to reserves from the pre-1992 discoveries amounted to 4.5 BBO and 50.3 TCFG (47.7 TCFG, dry gas). Comparison of actual additions and predicted additions for the lower 48 States based on the 1995 Assessment growth functions for that 5 year period showed that actual additions for oil fell short of predicted additions for oil but actual gas additions exceeded predicted additions. Economic conditions and oil and gas prices affect the speed at which operators develop discoveries; the depressed oil prices and robust gas prices may explain some difference between prediction and realization.
SUMMARY AND IMPLICATIONS
Overall, estimates of inferred reserves presented in Table 1 are comparable to the adjusted estimates from the 1995 Assessment of inferred reserves. The absence of significant new conventional discoveries in recent years in the onshore areas of the lower 48 states suggests these new estimates of inferred reserves are indicative of an aging set of fields with reduced future yields.
In recent years, the growth of known fields had been the dominant source of annual additions to proved reserves. Trends in proved reserve levels are leading indicators of the sustainability of oil and gas production. Because no more than 10 to 15 percent of the proved reserves of conventional fields can be extracted annually without risking reservoir damage and reducing ultimate field recovery, proved reserve levels limit annual production to an amount well below recoverable resource volumes. Reserve additions typically fail to keep up with production because of a declining discovery rate (hydrocarbons discovered per well). Low drilling and development activity in identified fields slows the rate of proved reserve additions from inferred reserves. Because of this, over short time periods, the accuracy of projections may suffer from the vagaries of the industry's boom and bust cycles but the projections will be more accurate over the longer time periods.
The estimates of inferred reserves reported here are only based on the monotone growth functions and the 1996 Integrated Oil and Gas Field File. Estimates of inferred reserves for the ongoing National Oil and Gas Assessment have not been made. Figure 1 -Cumulative growth functions for oil in conventional oil fields based on data from the 1998 version of the Oil and Gas Integrated Field File provided by the Energy Information Administration. The monotone (non-decreasing) function is used to estimate inferred reserves found in Table 1 . The least squares function is calibrated by minimizing the error function (equations 3a and 3b) over the entire set of cumulative growth factors. The Arlington function is based on estimates of annual growth factors and calibrated using the method shown by Root (1981) . Figure 2. Cumulative growth functions for gas in conventional gas fields based on data from the 1998 version of the Integrated Oil and Gas Field File provided by the Energy Information Administration. The monotone (non-decreasing) function is used to estimate inferred reserves found in Table 1 . The least squares function is calibrated by minimizing the error function (equations 3a and 3b) over the entire set of cumulative growth factors. The Arrington function is based on estimates of annual growth factors and calibrated using the method shown by Root (1981) .
